INTRODUCTION
OBSTRUCTIVE SLEEP APNEA (OSA) AFFECTS APPROX-IMATELY 2% TO 4% OF MIDDLE-AGED ADULTS, 1 WITH ESTIMATES REACHING 20% AND 7% FOR MILD AND moderate-to-severe OSA, respectively, in overweight individuals with a body mass index (BMI) of 25-28 kg/m 2 . 2 Furthermore, it is estimated that 93% of females, and 82% of males with moderate-to-severe OSA, those that would most benefit from treatment, remain undiagnosed clinically. 3 This disorder represents a significant public health concern, as OSA markedly increases the risk for motor vehicle accidents through daytime sleepiness, 4 as well as increasing the risk for several adverse
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health conditions including stroke, insulin resistance and glucose intolerance, congestive heart failure, cardiac arrhythmias, and hypertension (HTN). 2, [5] [6] [7] In addition, OSA may result in an increased risk for the development of cardiovascular disease (CVD), 8 although no longitudinal, randomized interventional studies have been conducted to conclusively demonstrate independent causation. 9 The underlying mechanisms linking OSA to HTN and CVD remain unclear. At night, repeated apneas and hypopneas result in decreased arterial oxygen saturation and carbon dioxide retention which cause sympathetic nervous system (SNS) activation and stressful arousals to reestablish breathing. In OSA patients, exaggerated SNS activation persisting into waking hours has been demonstrated, 10, 11 which can lead to surges in heart rate (HR) and blood pressure (BP). In response to short-term increases in HR and BP, normal baroreceptor activation results in a net decrease in central nervous system outflow which decreases HR and BP. With OSA patients, an alteration in the baroreflex activation appears to occur. Over time, depressed baroreflex sensitivity in OSA patients has been demonstrated, 12 suggesting an impairment of cardiovascular autonomic function, which may result in increased risk for HTN and CVD.
Maximal ramping exercise testing (RXT) has long been used as an effective tool for the identification of those at high risk for CVD. 13, 14 Ramping exercise test protocols offer several advantages over protocols with discrete increments including nearcontinuous and uniform increases in workload, flexible timing for sampling physiological responses, and a more accurate estimate of exercise capacity. 13, 14 Furthermore, alterations in the HR and BP response to exercise and immediately post-exercise have shown prognostic value and may reflect impairment in autonomic regulation. Exaggerated BP response during exercise is predictive for the development of future HTN. 15 Following exercise, attenuated BP 16, 17 and HR 18, 19 recovery have both shown to predict future CVD and mortality. Given the predisposition for HTN as a result of OSA, the hemodynamic responses to exercise in the OSA individual may provide useful information to further risk stratify those in need of additional diagnostic testing. Research into the exercise response of OSA subjects is limited and equivocal. Several studies report a decreased functional capacity in OSA subjects compared to controls, 20, 21 while others report no difference. [22] [23] [24] One recent investigation reported a significantly blunted HR response to exercise and a delayed systolic BP response post-exercise in middle-aged OSA subjects vs. non-OSA controls. 22 To date, no published literature has examined the cardiovascular responses associated with RXT in young overweight men with untreated OSA. In recent years, HR and BP have been identified as important surrogates of autonomic dysfunction in RXT and appear to have promise in forecasting future cardiac risk. 15, 25 Whether these changes occur early in the development and progression of the disorder has not been examined. The purpose of this study was to evaluate whether autonomic control of the cardiovascular responses during and after exercise was distorted by OSA in young overweight men. We hypothesized that the HR response to exercise and recovery would be blunted, the BP response with exercise would be exaggerated, and the recovery BP response delayed with RXT in overweight, sedentary young men with untreated OSA, in comparison to overweight and normal weight control groups of sedentary young men without OSA.
MeTHODS
Subjects
Sedentary overweight men with untreated OSA (OSA; n = 14), and men matched for age, BMI, and central adiposity, but without OSA (No-OSA; n = 16) were recruited from the local university community through campus notices as well as newspaper advertisements. Subjects were between 18 and 26 years of age and were classified as overweight or obese according to BMI criteria. 13 Sedentary, normal weight control men without OSA (Control; n = 14) were also recruited. All subjects underwent a prescreening, which included an initial qualification questionnaire as well as a detailed health history questionnaire to identify any potential exclusion criteria. All subjects were nonsmokers, were free from acute respiratory infections during the previous 6 weeks, and did not report current tonsillitis and adenoiditis. Subjects were free from significant cardiovascular, pulmonary, metabolic, or musculoskeletal disorders that would preclude maximal aerobic exercise testing. Subjects were not taking any prescribed vasoactive medications, hypnotics, sedatives, analgesics, psychotropics, steroids, or sympathomimetics. Individuals who had participated in regular physical activity (>3 days/week, >30 min/day) for the previous 6 months were considered active and were thus excluded. 22 All methods and procedures, approved by the Institutional Review Board of Virginia Tech, Blacksburg, VA, were explained to the subjects, who then read and signed a written informed consent form.
Home Sleep evaluation
Subjects underwent an unattended, limited home sleep evaluation to screen for OSA, utilizing a valid device (Embletta, Embla, Broomfield, CO). 26 The evaluation consisted of: 1) nasal flow detection via nasal cannula; 2) finger pulse oximetry; 3) respiratory effort detection via belts positioned on the upper and lower torso; and 4) body position detection. Sleep data were interpreted by a sleep technician and transposed into an apnea-hypopnea index (AHI; events/h) and oxygen desaturation index (ODI; events/h) score, with results verified by a physician specialized in sleep medicine. Apnea was defined as a cessation of airflow for ≥10 sec. Hypopnea was defined as ≥50% reduction in airflow for ≥10 sec coupled with a decrease in oxygen saturation (≥4%). 27 Average and lowest nocturnal oxygen saturation values were also measured in each subject. Normal weight subjects (BMI <25 kg/m 2 ) with an AHI score ≥5 events/h were excluded. The OSA group included men with an AHI score of >5 events/h, the No-OSA group included men with an AHI score <5 events/h, and the Control men had AHI scores <5 events/h.
Body Composition Measurement
Total body dual-energy X-ray absorptiometry (DXA) (version 8.26a:3*, QDR4500A, Hologic Inc., Bedford, MA) was used to measure percent body fat, fat-free soft tissue mass (FFM), and fat mass (FM). Central abdominal fat (CAF) was measured from total body DXA scans by the method of Kamel et al. 28 One investigator conducted and analyzed all DXA measures. Quality control for soft tissue mass measurements was completed with weekly scans of an external soft tissue bar (Hologic Inc.). Test-retest reliability for the DXA unit has been previously reported.
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Ramp exercise Testing
Subjects completed a maximal cycle RXT. Prior to the test, standing height, body weight, and neck, waist, and hip circumferences were measured. HR and BP were measured in a sitting posture. Exercise tests were performed on an electronically braked cycle ergometer (SensorMedics, Yorba Linda, CA) utilizing a standardized protocol previously described. 22 Respiratory gas exchange measurements including oxygen consumption (VO 2 ), minute ventilation (V E ), and respiratory exchange ratio (RER) were obtained during the exercise test using a computer controlled, breath-by-breath system (SensorMedics Vmax 229, Yorba Linda, CA) and values were calculated to 10-sec averages. Peak VO 2 (VO 2pk ) was defined as the highest VO 2 achieved during the last min of exercise. To summarize results across study groups that included subjects with different VO 2pk , HR and VO 2 values were input into spreadsheet software (Microsoft Excel, Microsoft Corp, Bellevue, WA) as time-down columns from the start of exercise to peak. HR and VO 2 were designated the y-and x-axis, respectively. Polynomial regression was employed with the line of best fit option of the spread-sheet software to establish response values that corresponded to 20%, 40%, 60%, and 80% of VO 2pk . A mean R 2 > 0.80 was achieved by assessing the lowest order polynomial regression that produced the highest R 2 for each subject. For exercise recovery, BP data was converted to a recovery BP ratio (BPR) [i.e., systolic BP (SBP) at 1-min recovery/SBP at peak] for the 5-min recovery period. Recovery HR was converted to a HR difference (HR diff ) calculation. The difference between HR peak (HR pk ) and HR at each post-exercise minute (i.e., HR pk -HR at 1 min post exercise) was calculated for the 5-min recovery period.
Statistical analysis
All statistical analyses were performed using SPSS (version 14.0, SPSS Inc., Chicago, IL). Comparisons for the effect of group and exercise intensity for the cardiovascular measures were made with repeated measures ANOVA, with exercise intensity as the within-subject factor, and group as the betweensubject factor. Comparisons for the effect of group and time for the post-exercise cardiovascular measures were also made with repeated measures ANOVA with time as the within-subject factor, and group as the between-subject factor. When ANOVA results showed significant differences between groups, post hoc multiple comparisons were made with Bonferroni tests. Pearson correlations were calculated to identify potential relationships between select cardiovascular measures and AHI. Cardiovascular measures included HR, SBP, diastolic BP (DBP), mean arterial pressure (MAP), post-exercise systolic blood pressure ratio (SBPR), post-exercise diastolic blood pressure ratio (DBPR), and heart rate recovery (HRR) measurements. A value of P < 0.05 was considered statistically significant.
ReSUlTS
Subject Characteristics
Baseline subject characteristics for each group are presented in Table 1 . By study design, AHI scores were significantly higher in the OSA group vs. No-OSA (P < 0.005) and Control (P < 0.005) groups. Similarly, ODI scores were also higher in the OSA group vs. No-OSA (P < 0.01) and Control (P < 0.01) groups. The AHI and ODI were highly correlated (r = 0.94, P < 0.001) in subjects with an AHI > 5 ( Figure 1 ). Lowest oxy- Attenuated Heart Rate Recovery in OSA-Hargens et al gen saturation was lower in the OSA group vs. Control (P < 0.05). No significant differences were noted between the three groups with respect to age, height, average nocturnal oxygen saturation, HR rest , or SBP rest , and MAP rest . DBP rest in the No-OSA group was significantly higher than Control group (P = 0.03).
The OSA and No-OSA groups also did not differ from each other in BMI, neck circumference, waist circumference, and CAF; however, as intended by study design, the Control group had significantly lower weight (P < 0.05), BMI (P < 0.05), and CAF (P < 0.05). For the total subject sample, AHI was positively correlated with BMI (r = 0.45, P = 0.002), neck circumference (r = 0.31, P = 0.05), fat mass (r = 0.43, P = 0.004) and CAF (r = 0.51, P < 0.0001). However, when adjusted for body weight, only BMI (r = 0.34, P = 0.03) and CAF (r = 0.42, P = 0.006) remained significant.
exercise Test Responses
When the VO 2 response was compared between the 2 overweight groups (OSA vs. No-OSA), no differences were noted across any exercise intensities, including peak (see Table 2 ). However, the normal weight control group had higher VO 2 responses at submaximal intensities and at peak vs. both OSA (P < 0.02) and No-OSA (P < 0.05) groups. When VO 2 was adjusted for FFM, however, no significant differences were noted between the OSA, No-OSA, or Control groups at any submaximal intensity or at peak exercise (P = 0.25). In addition, HR ( Figure  2) , SBP, DBP, RER, and MAP did not differ between subject groups at any submaximal workload or at peak exercise. All three groups achieved maximal exercise test endpoints, confirmed by Borg Scale (6-20) ratings of perceived exertion at peak >16 and peak RER >1.10.
exercise Recovery Responses
Data from one Control subject were excluded due to symptomatic hypotension during the exercise recovery period. The HR recovery was significantly attenuated in the OSA group throughout the recovery period when compared to the No-OSA (P < 0.03) and Control (P < 0.03) groups (Figure 3) . No significant group differences were noted in SBPR or DBPR during the recovery exercise period. AHI was negatively correlated with HR diff for minutes 1-4 of the recovery period (r = -0.34, P = 0.023; r = -0.48, P = 0.001; r = -0.33, P = 0.033; r = -0.39, P = 0.011 for minutes 1-4, respectively), and positively correlated with SBPR at 4 min (r = 0.36, P = 0.02) and 5 min (r = 0.42, P = 0.005) post-exercise, DBPR at 5 min post-exercise (r = 0.33, P = 0.03), for all subjects. When corrected for body weight, these relationships remained significant with the exception of HR diff at 3 min (P = 0.069). Correlation analysis of recovery BP responses, only for subjects with an AHI > 5 events/h, revealed that severity of OSA explained a significant portion of the variance in the decline of SBPR at 4 min (r = 0.58, P = 0.03) and 5 min (r = 0.64, P = 0.01) (Figure 4 ) and in DBPR at 3 (r = 0.58, P = 0.03) and 4 min (r = 0.70, P = 0.005).
DISCUSSION
To our knowledge, this study represents the first evaluation of cardiovascular responses to exercise in young overweight men with untreated OSA. Our hypothesis was supported by the finding in the OSA group of attenuated HR recovery in the OSA group that persisted through at least 5 min following maximal exercise (Figure 3) . When compared to subjects with similar body mass and adiposity but without OSA, young overweight men with OSA showed a blunted heart rate recovery response (Avg. ↓ HR diff = 8.4 bt . min -1 for the post-exercise period). We did not, however, find any group differences in the SBP or DBP recovery response due to the presence of OSA. This may be related to the fact that Attenuated Heart Rate Recovery in OSA-Hargens et al our OSA group was comprised primarily of individuals with mild-to-moderate disease, with only 4 having clinically severe status (AHI > 30 events/h). However, the associations between AHI score and degree of blunting in both SBPR and DBPR for subjects in the OSA group indicated that 33% to 49% of this response pattern was explained by severity of OSA. Thus, although this subset with severe OSA was too small to evaluate statistically for a differential response, all of them showed this pattern in their cardiovascular recovery responses for HR, SBP, and DBP. Thus, these results suggest that RXT may be a useful tool in identifying significant clinical signs in the early stages of OSA progression, which may aid clinicians in improving risk stratification and patient selection for overnight polysomnography.
Published data on the cardiovascular responses to exercise testing in OSA patients are limited. Available literature regarding effects of OSA on functional capacity has shown conflicting results. Decreased VO 2pk in overweight, moderate to severe OSA patients, compared to age-and BMI-matched control subjects has been reported 20, 21 as has no difference in VO 2pk . 20, 22, 23 Ozturk et al. 24 further reported that measured VO 2pk in the OSA patients was significantly lower than predicted VO 2pk . These previous investigations were all conducted on middle-aged to older individuals, who likely have been afflicted with significant OSA longer than the young subjects included in our study. We support results of Ozturk et al. 24 and Alonso-Fernandez et al. 23 and extend those findings to a younger population, who likely are not as far along in their disease progression. Utilizing the same prediction formula as Ozturk, 24 -1 for No-OSA and control, respectively). All 3 of our groups were previously sedentary (regular exercise <3 days/week; 30 min/day) for more than 6 months. Differences in measured and predicted VO 2pk likely reflect a lack of conditioning. Several other studies report data for sedentary subject groups, 21 ,23,24 but do not specify criteria for qualification as a sedentary individual.
Only 2 previous studies comparing OSA patients to matched controls have reported the HR and BP responses at rest, submaximal exercise intensities, and at peak exercise. 21, 22 Kaleth et al. 22 reported a significantly lower HR at all submaximal workloads and at peak exercise despite a lack of differences in VO 2pk between groups. They suggest that the impaired chronotropic response to exercise may be due to downregulation of beta-adrenergic receptors in response to exaggerated sympathetic activation. In addition, a significantly greater DBP in their OSA group vs. control group at rest, across all submaximal intensities, and at peak was observed. 22 In contrast, Vanuxem et al. 21 reported no significant differences in the HR response with exercise in OSA subjects vs. controls at any submaximal exercise level or at peak, but reported greater SBP (P < 0.05) and DBP (P < 0.005) at rest in OSA vs. controls, as well as a greater DBP at peak exercise (P < 0.05). 21 Results from our study agree with those of Vanuxem et al. 21 in that no differences were observed in the HR response to exercise. We show that DBP is higher in both overweight subject groups at rest (OSA and No-OSA) vs. Controls ( Table 1 ), but that DBP is not different between these groups, indicating that this higher DBP may be a result of obesity and not OSA. At peak exercise, those differences disappeared (Table 2 ). Other studies report resting and/or peak HR and BP values only, 20, 23 and show no significant differences in HR or BP at rest or at peak exercise.
Kaleth et al. 22 is the only other study that reports recovery HR and BP data. In contrast to our study, no difference in HR recovery response between the OSA group and control group (when differences in peak HR response were taken into account) were found; however, SBP recovery was significantly attenuated with OSA. A delayed recovery response in SBP may indicate an autonomic imbalance, in response to chronic sympathetic activation with OSA, which slows the normal rapid response in cardiac output and peripheral vascular function to cessation of exercise. 22 The different recovery cardiovascular responses seen in the current study vs. that of Kaleth et al. 22 may indicate an age effect of OSA, as subjects in the previous investigation were middle-aged, compared to our younger age group.
Attenuated HR recovery has been identified as an independent predictor of cardiovascular and all-cause mortality in indi- viduals undergoing diagnostic symptom-limited exercise testing 18, 19 as well as in a generally healthy adult cohort, 30 utilizing relatively short recovery periods of 1 to 2 min. This may be attributable to a reduction in parasympathetic activity, which predominates during the recovery phase of exercise. 18, 31 However, Cheng and colleagues demonstrated that a decreased HR recovery, measured for as long as 5 min, was also independently predictive of cardiovascular and all-cause mortality in men with diabetes mellitus. 32 Our results are similar to Cheng et al., 32 in that a significantly blunted HR recovery was seen in the OSA group through 5 min of recovery. The mechanism for attenuated HR recovery in OSA is unclear. During exercise, HR is under the control of both the sympathetic and parasympathetic branches of the autonomic nervous system. 33 During the initial phases of exercise, HR increase is mediated primarily by withdrawal of parasympathetic activity. After a HR of approximately 100 beats . min -1 , the HR increase is due primarily to increased sympathetic activity, which acts much slower on HR than the parasympathetic system. 33 Following exercise, the decrease in HR is due to sympathetic withdrawal and parasympathetic activation. 34 Belozeroff et al., 35 utilizing a model-based approach, concluded that OSA results in abnormal sympathetic and parasympathetic control of HR. Their model was able to control for the fluctuations in HR due to respiration, known as the respiratory sinus arrhythmia. 35 Exaggerated sympathetic activation has previously been reported in OSA patients, 10, 11 which persists throughout normal waking hours. Attenuation of the HR recovery response in OSA may reflect predominance and/or slower withdrawal of sympathetic influence; how this pattern may be affected by parasympathetic reactivation that normally slows HR in early post-exercise recovery is uncertain.
Obesity is itself an independent risk factor for the development of HTN, 36 and is associated with elevated SNS activation. 37, 38 Distinguishing between the independent effects of OSA on sympathetic activity vs. that previously noted in obesity presents a challenge in OSA research. In the current study, both overweight subject groups were matched for body composition variables, including CAF, which may be a significant link between obesity and exaggerated sympathetic activation. 39 We have shown that in subjects matched for age, body size, and body adiposity, those with OSA have a significant attenuation of their recovery HR response, suggestive of autonomic imbalance. In addition, those in the No-OSA group did not differ from the normal weight Control group in recovery HR response, suggesting a limited effect of obesity on autonomic control of HR during recovery.
One limitation of our study is the lack of direct evidence of SNS activity, either through muscle sympathetic nerve activation or plasma catecholamine measurements. Future studies need to examine these direct measures of sympathetic activation in younger OSA patients to determine if exaggerated sympathetic activity is an early sign in the development and progression of OSA, and to the development of HTN and CVD. Additionally, studies examining cardiovascular remodeling and endothelial dysfunction in young OSA patients are needed. Early signs of cardiovascular remodeling and vascular impairment have been reported in middle-aged OSA patients, suggesting that these OSA-related modifications may take time to manifest. 40 Studies specifically targeted to establish the timeline for the onset of cardiovascular and endothelial modifications are needed. Another limitation is that cycle ergometry was utilized as the exercise mode rather than treadmill walking. Cycle ergometry can result in lower VO 2pk values compared to treadmill walking. However, in the current study, peak RER values for each subject group (Table 2) were above maximal exercise criteria (>1.10), suggesting that maximal or near maximal efforts were achieved in all subjects.
In conclusion, this is the first study to examine the cardiovascular responses to ramp exercise testing and post-exercise recovery in young, overweight men with untreated OSA. Results indicate that OSA elicits unique cardiovascular responses during recovery from maximal exercise. These results suggest an imbalance in the autonomic control of HR during recovery, and may be an early clinical sign in the progression of OSA. These findings also suggest the potential for RXT in improving risk stratification and clinical decision making leading to patient selection for diagnostic investigation for OSA. Further clinical studies, across a wider variety of age groups, are needed to examine whether there is an age-related influence in the exercise and post-exercise responses in OSA. 
